A major uncertainty in predicting future atmospheric CO 2 concentrations and temperatures, second only to the uncertainty in predicting future anthropogenic emissions, is the magnitude and sign of terrestrial carbon (C) feedbacks (3) . Realistic parameterisation of the plant and soil feedbacks to environmental change lies at the heart of land C models, but despite recent improvements in modelling, uncertainty In the research described in this paper, we set out to construct simplified materially closed but energetically open Soil-Vegetation-Atmosphere Systems (mcSVASs) to estimate the plant and soil feedbacks to elevated CO 2 and temperature.
Such an approach has often been avoided in ecological research, mainly due to the difficulty of achieving total closure, whilst also balancing the autotrophic and heterotrophic fluxes and hence achieving sustainable model systems. To date, the only attempt to establish an analogue materially-closed model system of the biosphere (Biosphere 2) (10) indicated the severe consequences of failing to appropriately control the atmospheric CO 2 concentrations through managing and representing correctly the major C reservoirs. Our mcSVASs were setup with scaled-down C pools of best estimates of pre-industrial global terrestrial C in soil, plant and atmosphere. Preliminary 
Results and discussion
The C mass balance analysis performed at the end of the experiment indicates that mcSVASs were successful in conserving the initially introduced C dynamics (Table 1) .
Similar to the trial runs ( Supplementary Fig. S1 ), two weeks following chamber closure, the mcSVASs with the S 15 scenario showed stabilised net C flux dynamics, i.e. the weekly slope of atmospheric CO 2 change was not different from zero (Table S1 , Fig.   2A , B) and the atmospheric CO 2 concentrations showed a strong diurnal pattern, driven by the presence or absence of light. In the S 15CO2 and S Δ3CO2 treatments, despite an initial increase in the atmospheric CO 2 content, the atmospheric CO 2 concentration also stabilised at just below 500 p.p.m.v. starting with the experimental week 7 ( Fig. 2A , B, Table S1 ). Furthermore, the stabilisation of the atmospheric CO 2 concentration in the S Δ3CO2 treatment took place despite a temperature increase of 2.3ºC and was just marginally but not significantly higher than in the S 15CO2 treatment. The increase in temperature in the S Δ3CO2 treatment led to higher total (plant and soil) dark respiration of the temperature sensitivity of the dark respiration (Q 10 ) was around 2. In contrast, in the S 15CO2 treatment the dark respiration was not different from the control (Fig 2C) . The stabilisation of atmospheric CO 2 concentration in the S 15CO2 and S Δ3CO2 treatments was explained by the significantly higher plant CO 2 uptake relative to the S 15 treatment after five weeks (Fig. 2D , Table S1 ). Furthermore, CO 2 uptake in the S Δ3CO2 scenario was significantly higher than in the S 15CO2 (Fig. 2D , Table S1 ). Despite enhanced total dark respiration in the S Δ3CO2 treatment (Fig. 2C) , the enhancement of CO 2 uptake via photosynthesis (Fig. 2D , table S2) lead to the removal of 62% of the total injected atmospheric C and limited the gain in atmospheric CO 2 in the S Δ3CO2 relative to the S 15CO2 treatment to only 6%. If up-scaled to the Gt C unit used as a reference for the establishment of the pro rata C pools in the mcSVASs, the observed sensitivity to CO 2 (i.e. the change in C uptake per atmospheric CO 2 increase estimated from the experimental weeks 7-9) was equivalent to 2.43 Gt C/p.p.m.v. CO 2 . The sensitivity of the mcSVASs to the imposed temperature increase (i.e. the change in net C uptake per ºC increase) indirectly estimated from the difference between the average weekly slope of CO 2 increase in the S Δ3CO2 and S 15CO2 , was -20 Gt C/ºC.
The capacity of the systems to recover after the cessation of 'emissions' was examined towards the end of the experiment when the CO 2 addition was stopped after 31 injections, two months after the first CO 2 addition. Halting CO 2 additions made apparent the size of the system's C sink in the S 15CO2 and S Δ3CO2 scenarios ( Fig. 2B ; Table S2 ). Interestingly, the recovery of atmospheric CO 2 was, however, not complete and the temperature-disturbed systems showed a retained memory of the perturbation in gross fluxes (Figs. 2A, B) .
Our materially-closed systems, although simplistic, provide several important insights. Firstly, using pro rata amount of C for the main terrestrial pools it is possible to establish sustainable materially closed systems where the autotrophic and heterotrophic C fluxes are balanced, long enough to make the approach feasible for investigating biotic C feedbacks. Secondly, we found a strong plant-driven negative feedback on atmospheric CO 2 -i.e. the stimulation of photosynthesis by elevated CO 2 was increased by 33.8% in the S 15CO2 . This is accompanied by an increase in dry weight plant biomass of 22.5% at the end of the experiment (Table 1 ), values which are within the upper range of CO 2 fertilisation rates for forbs $$ .
Furthermore, in the S Δ3CO2 treatment where the temperature increased by up to 2.3ºC as it was adjusted depending on the CO 2 concentration, the photosynthetic rate The results from our mcSVATs suggest that without nutrient and water limitations, the short-term biotic responses of a SVAT system could potentially buffer a temperature increase of 2.3 o C without significant positive respiration feedbacks to the atmospheric CO 2 . However, we recognise that our model systems are simplistic and several caveats need to be pointed out. The experimental time may be too short to include potential acclimation responses to elevated CO 2 and temperature, especially where frequent injection of CO 2 was used to simulate anthropogenic emissions.
Additionally, the systems were not nitrogen or water limited. Both of these compounds are known to constrain soil and plant responses to elevated CO 2 and temperature. In addition, the model plant we used is a herbaceous species, whose photosynthetic stimulation by elevated CO 2 is generally considered to be lower than that of trees (24), but higher than that of C4 plants (Ehleringer et al 1991).
However, in a physical analogue there is no need to digitally parameterise key processes such as soil Q 10 s and plant CO 2 uptake. In addition, it is worth noting that computer models can only parameterise feedbacks that are well understood and quantified. In contrast, any unknown plant or soil feedbacks will still inherently take place in physical models if the scale of representation allows; to our knowledge the parameterisation of the CO 2 fertilisation effect has never been derived from analogue systems where the plant response directly impacts on the ambient CO 2 concentration and temperature, which in turn is known to feed back on the photosynthesis rate. The results from our materially closed approach indicate the urgent need to better understand the biotic controls and feedbacks in the global climate system. Whilst the materially closed approach has been so far avoided in ecological research due to its multiple challenges, we argue that it has the potential to uncover key properties of the processes Milcu et al 2011 9/15 that drive global biotic feedbacks which will ultimately help to predict future Earth system changes using C-cycle coupled general circulation models with more certainty.
Indeed, the construction of mcSVASs incorporating elements of global biotic and climatic heterogeneity represents a major, but achievable, challenge. These enhancements would increase the realism of the mcSAVSs and enable further insights into the mechanisms controlling the global C cycle. Leakage estimates. Although the chambers were constructed to full anaerobic gas chamber standards, maintaining perfectly materially closed systems over the course of the long-term experiments is a major engineering challenge. Internal and external pressure changes were used to calculate the volume of air which was exchanged with the outside environment over the course of the experiments using the combined ideal gas law. Continuous CO 2 recordings in-and outside the boxes allowed for the calculation of the amount of C exchange and net contamination for each experimental unit over the course of the experiments (0.00003 ± 0.00017 g C s.e.m). The net deviation from the targeted C amounts at the end of the experiment was below 4% (Table 1 ) and was most likely introduced during the experimental setup as it is intrinsically difficult to introduce precise C amounts as living vegetation.
Materials and methods

Materially
Biological components. We aimed to match pre-industrial ratios of soils, terrestrial vegetation, and atmospheric carbon (Table 1) Statistical analysis. All mcSVASs had independent temperature control and were consequently treated as true replicates. The R statistical package (version 2.7.1) was used to perform repeated measure ANOVA on the effects of temperature treatments on the weekly slope of CO 2 concentration and the weekly CO 2 uptake (photosynthesis) and release (night-time respiration) rates. Individual ANOVAs followed by contrast analysis 
